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Abstract 
  The Simulation and Information Technologies for Power Generation System Department (STEP) has 
developed a methodology, as part of the framework of an EDF R&D project, to model and optimize 
energy systems for the associated companies with the aim of highlighting the possibility of using 
modelling tools to optimize energy systems. Dymola software, a commercial implementation of 
Modelica, which was developed by Dassault Systemes has been employed. A library, called 
ThermosysPro and developed by EDF R&D, has in particular been used. The energy system presented in 
the paper is a Combined Heat and Power plant (CHP), managed by Fenice SpA, which has been designed 
to supply electric and thermal energy to a food factory near Parma (Italy). This kind of system can be 
regulated over a large power range and, as a consequence, the CHP plant can supply the total amount of 
thermal energy required by the user. From a comparison of the experimental data and the simulation 
results, it can be seen that the behaviour of the turbo gas and the steam turbine approximately follows the 
results of the performance test at full load over a wide temperature range.  As far as the performance at 
partial load,  the gas turbine Heat Rate and the heat recovery steam generator (HRSG) performance are 
concerned, the simulation results and the actual CHP plant behaviour again appear to be in good 
agreement. 
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1.  Introduction 
In recent years, the growing interest of the political, economic and civil world towards the use of 
renewable energy and a rational use of energy has been witnessed throughout the world, but especially at 
a European level. Interest has arisen from a combination of several factors, involving different social 
sectors:  
 the concern and  fear that the current energy system will not be environmentally sustainable in the long 
or in the short term;  
 the continuous increase in fossil fuels costs; 
 the energy supply is increasingly threatened and unsure; 
 the desire to increase the technological innovation of European companies is being threatened more 
and more by competitors from countries with lower production costs. 
In order to solve all these problems, the technologies and methods adopted to improve power plant 
efficiency are increasingly under development. These technologies are commercialized and sustained, 
also economically, through specific regulations. They attempt to exploit the energy produced as much as 
possible and to increase the efficiency of the processes. 
Among the different technologies that are available, cogeneration (CHP) arose from the desire to 
recover all or a part of the heat dispersed into the environment from the thermal machines in a useful way 
[1-8]. 
At the same time, the importance of the technical choice, in the case in which a user requires electric 
and thermal energy, is obvious. Cogeneration offers different advantages over the separate production of 
the same quantities of electric and thermal energy: a primary energy saving of about 20-30%, a reduction 
in Green House Gases, in particular CO2, and in the other pollutants, such as CO and NOx, due to the fuel 
saving, lower distribution losses of the national electric system (because of the use of medium and low 
sized power plants, placed near the users), and substitution of the most polluting heat production devices, 
such as traditional boilers.  
Finally, it is important to establish when the simultaneous production of electric and thermal energy 
can be defined cogeneration, in order to take advantage of the provisions established by the law: 
according to current laws, the criteria to define high-efficiency cogeneration include the PES index 
(Primary Energy Saving), as indicated in Directive 2004/8/EC and in the amending Directive 92/42/EEC 
of the European Parliament and of  the  European Council on February 11th 2004 [9]. 
2.  Main characteristics of the Combined Heat and Power plant    
The CHP plant, which was designed to supply energy to an important food factory in Parma (Italy), 
consists of a combined cycle system with a turbogas, a HRSG and a steam turbine. The plant was 
designed to supply the thermal request, which fluctuates according to the seasons; thermal energy is 
supplied for the factory processes as super-heated water (inlet  
heating purposes in winter. The turbo gas power plant, LM2500 model, was designed by General Electric. 
This is a simple cycle, with a two-shaft engine, that is a gas generator and a power turbine. The nominal 
characteristics of the gas turbine system are shown in table 1. The performances are given in ISO 
conditions (15 °C, sea level, RH 60%) and the natural gas lower heating value (LHV) is 48222 kJ/kg.  
Table 1. Main characteristics of the gas turbine   
Produced electric power                                              kWe 28771 
Heat rate                                                                       kJ/(kW h) 9841  
Mass flow rate of the fuel (natural gas)                       kg/sec 1.63    
Mass flow rate of the inlet air                                      kg/sec 84.67  
Exhausted gas temperature                                          °C 532.4 
Compression ratio of the 16 stage axial compressor 23:1  
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The inlet air system includes an anti-ice system and an evaporative cooler. The variable geometry of  
the inlet guide vanes of the compressor, for the first six stator stages, controls the inlet air flow as a 
function of the ambient temperature and compressor speed. This provides stall-free operation of the 
compressor over the entire operating range. 
The HRSG, is employed to direct the exhausted gases from the turbogas to produce super-heated high 
pressure steam, thus exploiting the exhausted gas energy: the steam in the outlet from the HRSG is set to 
460 °C and 60 bar, at steam turbine operational conditions. The steam generator only has one pressure 
level. The steam turbine is designed to receive the super-heated steam and to produce an additional 
amount of electric and thermal energy from the extracted steam.  
The steam turbine, MARC4-C10 model, was designed by Turbomach. This is a multi-stage reaction, 
single body steam turbine with intermediate steam extraction. The main characteristic of the steam turbine 
are reported in table 2. 
Table 2. Main characteristics of the steam turbine 
 
 
 
 
 
3.  The structure of the ThermosysPro library and Modelling with Dymola 
The main aim of the described work is simulation of a CHP plant, which is useful to develop a 
technical and economic analysis. It is possible to estimate and to forecast electricity production, on the 
basis of the weather and operative conditions. The ability to establish or estimate the maximum generated 
energy provides the company with an advantage on the electricity market, and leads to a faster 
maximization of the profits. Moreover, since it is possible to estimate some values that are not measured 
directly and others which vary quickly, or change due to failures, the model can also furnish a faster 
analysis of the performances and earning losses. A good model can also forecast the behaviour of the 
entire power plant under a particular asset, or be used to study the technical-economic possibility of 
installing new devices.   
The used software is Dymola, an acronym of DYnamic MOdeling LAboratory, and it has been 
developed in the Modelica environment. ThermosysPro, developed by EDF R&D, an open source library, 
has been used to build the model and its devices. 
As soon as Dymola is launched, two different pages appear and one is selected according to the chosen 
working environment. 
 Modelling: this is chosen to create the model, link the different blocks and define all the parameters 
that will be used by the software. 
 Simulation: this is used to compute the model, show the results and to compare them under different 
operative conditions. 
When one wants to build a model, it is necessary to have a library with the elementary units to design a 
combined cycle power plant. The library is organized in a hierarchical way and subdivided into different 
categories of interest. Each category is subdivided into different blocks which are used to create models. 
For example, by different components will be found, such as 
compressors, alternators, reciprocating engines, steam turbines and pumps, some of which have specific 
characteristics that need to be adapted to the project. A simple graphical interface allows one to manage 
and quickly modify the input parameters of the system, without changing the original code. For more 
details about ThermosysPro, reference can be made to [10-14]. 
Maximum electric power                                           kWe 8820    
Maximum inlet steam flow                                        kg/s 10.97  
Pressure extraction                                                     bar 6.5       
Condensing pressure                                                   bar 0.06     
Minimum steam mass rate in the low pressure sect.  kg/s 1.39    
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3.1   Building and calibrating the CHP plant model  
In order to pass to the real analysis of the components of the power plant, each step of the development 
of the model and the theoretical assumptions that led to its final drafting are analyzed in the following 
section referring to [15]. The model development scheme of the plant can be subdivided  into four main 
parts, as shown in figure 1-a: the turbogas (1), the HRSG (2), the steam turbine (3) and the exchangers 
with the user (4), which supply the cogeneration thermal power.  
Proceeding with the simulation of the system, it is necessary to calibrate each component, or rather to 
extract some parameters of interest that are useful to build the direct model, which is the one that 
describes the plant at each operational condition. The calibration of all the components was conducted 
referring to the actual data measured during the performance test, carried out by the Fenice company 
engineers. A calibration is the first necessary step to define the system: all the components are 
characterized in such a way that their behaviour adapts to each operational condition. The calibration of  
the gas turbine is shown here as an example. The turbogas components form a package like that shown in  
figure 1-b, where a scheme of all components of the turbogas can be observed. 
 The air humidity source (1): this is placed before the compressor; this requires the pressure, the 
temperature and the relative humidity of the air as input data and gives the mass fraction of H2O and 
O2 as an output. 
 The compressor (2): this permits the absorbed mechanical power, the temperature and the outlet air 
pressure, to be calculated through the isentropic efficiency of the machine. The input data of the device 
are the initial conditions of the inlet air (pressure, temperature, mass composition and mass flow rate), 
and the outlet pressure and the performance of the compressor. The real isentropic efficiency c 
depends on the nominal efficiency cn, whose value is fixed in ThermosysPro, and through the    
n dimensionless ratio (where   pressurein/pressureout is the compression ratio and n is the nominal 
compression ratio), according to equation (1): 
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Figure 1.Model of the  CHP plant : (a) complete model; (b) turbogas scheme built with ThermosysPro 
(a) 
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It can be seen that the calculation of the real isentropic efficiency of the engine is expressed by means 
of an equation of the fourth degree in  and by means of the parameters ai. These parameters have 
been defined on the basis of a previous calibration for the specific compressor under real operating 
conditions. 
 The combustion chamber (3): this simulates the combustion of the natural gas. The model requires the 
flow and the thermodynamic properties of the air, as well as the flow and the characteristics of the fuel 
as input and it provides the chemical power released during the combustion, the pressure, the 
temperature and the mass composition of the exhausted gases as output. 
 The gas turbine (4), this simulates the expansion of the flue gases in order to generate useful 
mechanical power. The model requires the knowledge of the characteristics of the inlet gases (mass 
flow, pressure, temperature and composition), the pressure at the end of the expansion and the design 
characteristics of the turbine (nominal relaxation ratio and nominal isentropic efficiency). It permits 
the mechanical power at the output, the isentropic efficiency, the real expansion ratio and the 
temperature of the flue gas at the outlet to be calculated. As for the compressor, the real isentropic 
efficiency has been calculated starting from the nominal isentropic efficiency tn of the turbine and 
from the dimensionless expansion   ratio  = / n  (where  = pressureout/pressurein is the expansion 
ratio and n is nominal expansion ratio), according to equation (2): 
tnt bbbb 01
2
2
3
3
                                                            (2) 
Again in this case, the parameters bi have been defined on the basis of a previous calibration for the 
specific turbine under real operating conditions. 
 The kettle boiler (5); this is a water-gas exchanger that is placed in the compressor outlet. However, 
this component was not used in this plant design and the entrance flow was therefore set to nil. 
 It is important to mention that even though the turbogas is composed of singular components, it works 
as only one macro-unit. Reference will therefore be made to the entire package in the global model, as 
shown in figure 1-a. The calibration of the components constitutes the preliminary operation of the model 
drafting, and it involves the calculation of some parameters that characterize the behaviour of the plant 
under different operational conditions.    
4.  Comparative analysis  
This section shows the results that were obtained using the Dymola model compared with the real 
ones, with the aim of analyzing not only the performances of the power plant, but also of establishing any 
possible improvements. The analysis is conducted either through a comparison with the actual data, which 
is available from the constructor datasheet, or through a value extrapolated during the running of the 
power plant. The Data Collector, a software programme that allows the Fenice company engineers to 
analyze and follow the behaviour of the whole power plant in real time, has been used.  
4.1 Turbogas analysis at full load 
In order to begin the comparative analysis, the simulation of the model was started at full load, with the 
electrical power being produced by the turbogas (generator efficiency equal to 0.98) and varying the inlet 
air temperature in the compressor; the obtained values were then compared  with the values declared by 
the manufacturer. A so-called degradation factor, equal to -2.33%, was also considered. This is the 
coefficient that evaluates the degradation of the performances, due to the working hours of the plant.  
It is important to take into account the degradation factor in order to compare the performance test 
results with those of the nominal conditions declared by the manufacturer. The results and the comparison 
values  are shown in figure 2-a. It can immediately be seen that the behaviour of the model sufficiently 
follows the behaviour declared by the turbogas constructor over a temperature range of 5 °C to 35 °C. In 
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particular, it is possible to see how is constantly lower 
than 5%, and, on average, decreases when the simulation takes into account the degradation factor. As far
as the extreme right side of the graph is concerned (coloured area), these conditions are extremely rare
during the year, since the evaporative cooler is started in summer, when the external temperature reaches
35°C-40 °C. Another interesting parameter, whose trend should be verified, is the natural gas
consumption that changes according the air temperature at the compressor inlet.
Fig. 2. Comparison between the actual data and the simulation  results:  (a) gas turbine electric power vs. inlet air temperature;  (b)
NG mass flow rate vs. inlet air temperature
The two curves in  figure 2-b, which show the trend of the fuel consumption calculated using Dymola
and that of the data, almost overlap in the middle temperature range the most common 
range during the year) and show a rather negligible error of less than 3%. 
4.2 Turbogas analysis at partial load 
The turbogas is frequently at partial load during the normal functioning of the plant. This asset was 
chosen to maximize the earnings, on the basis of the Italian electric energy market trend. The partial load 
was simulated varying the volumetric flow at the compressor inlet and estimating the relative mass flow
and the consequent electric power produced.
Fig. 3. Comparison between the actual data and the simulation  results at partial load:  (a) gas turbine electric power vs. load
percentage;  (b) Heat Rate vs. load percentage (inlet air temperature 15 °C).
The calculations were carried out at a temperature of 15°C, a relative humidity at 60%, and an inlet 
compressor pressure of 100643 Pa. The correlation between the load percentage and the electric power
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can be observed in figure 3-a: the simulation results and manufacturer data are in good agreement till 
70% of the load (the power plant rarely works below this point, which indicated with the coloured area),
in particular when a degradation factor is considered (green curve). The air mass flow rate, the fuel 
consumption and Heat Rate were calculated to complete the turbogas analysis under partial load. The
Heat Rate trend in particular offers further information on the deterioration of the performances of the
whole plant when it works under partial load. For the sake of brevity, only the Heat Rate is here shown in 
figure 3-b: the red line shows the trend of the Heat Rate calculated by the model, while the green curve 
takes into account a degradation factor of 1.02242, as suggested by GE. The behaviour is generally good
and the error is below 5%, confirming the excellent simulation results.
4.3 Steam turbine analysis
As far as the steam turbine is concerned, the model was compared with data provided by the
manufacturer and those extracted directly from the Data Collector in order to conduct this analysis. The
results are shown in figure 4 starting from the boundary conditions of reference: inlet steam enthalpy
3350.5 kJ/kg; inlet steam pressure 60.5 bar; extraction steam pressure 6.5 bar; condensing steam pressure
0.06 bar. The results show the evolution of the inlet steam flow, with a variation in the mechanical power 
produced at the shaft, when the extraction is null and when it is equal to 10 t/h, 20 t/h and 30 t/h (that is
2.78 kg/s, 5.56 kg/s and 8.33 kg/s), respectively. A comparison between the simulation and actual data
shows that the curves are similar, except in the final stretch of those with a null extraction. However,
these operative areas are never reached during the normal running of the power plant. In the usual
approximately 5%.
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Fig. 4. Comparison between the actual data and the simulation results  of the steam  turbine mechanical power vs. The inlet steam 
mass flow rate for different extraction fractions (A: usual operative area).
5. Installation of an absorption chiller
The possibility of installing an absorption chiller instead of an evaporative cooler in order to further
reduce the inlet air temperature of the compressor during summer, has also been evaluated. The thermal
power is supplied by a small part of the cogenerative flow at the outlet from the user, at 135°C, while the
air is cooled by a flow of water mixed with glycol, which in turn is chilled by the absorption cycle.
Starting from this assumptions, the decrease in air temperature is evaluated, considering a medium air
mass flow rate of 80 kg/s and, knowing the COP of the absorption chiller, the thermal power that the
superheated water has to furnish to the chiller is calculated. If Dymola is launched, it is possible to
calculate the increase in produced electric power, taking into account the 655 kWth that the power plant 
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has to furnish, and then reducing the steam turbine power: the simulation estimates a total electric power 
increase of about 1.0 MWe. Considering precautionary values for the specific cost of the absorption 
chiller and for the working hours of the device which is only used in summer for half of the available 
time, the simple payback time of the investment is about 15 months. 
6.  Conclusion 
The described model of a CHP plant is the result of several tests and of continuous improvements, 
which were necessary to build the final, computationally robust system and simulate the behaviour of the 
whole plant with sufficient precision under different operational phases. The Dymola software 
programme, was used with ThermosysPro library, which was created by EDF R&D, to model and 
simulate this CHP plant. Once the model had been calibrated, a comparison between CHP actual 
performance and simulation results was carried out and it showed a satisfactory agreement. The benefits 
of an absorption chiller instead of an evaporative cooler for the compressor inlet air has also been 
investigated. After having set up this CHP model, the next step of the project is to extend it to other 
similar power plants in an easy and quick way. Considering this experience, the time required to set up a 
new model for CHP plant can vary to a great extent plants. However, starting from the analyzed case and 
using an appropriate data base, which is necessary for the required study, it is possible to estimate a 
period less than a month. 
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